Abstract Hydrology and suspended sediment loading in the catchment of the natural Chini Lake (second largest natural lake in Malaysia) was investigated. Suspended sediment loads and discharge from seven selected feeder rivers were measured over a period of 1 year from January to December 2006. The river water flow rate during the sampling periods was relatively low, ranging from 0.001 to 1.31 m 3 /s or an average of 0.21 m 3 /s. The highest and lowest stream flow discharge rates were recorded from the Gumum and Cenahan River sub-catchment areas, respectively. The amount of sediment load ranged from 0.49 to 166.02 kg/km 2 /day or an average of 30.57 kg/km 2 /day in the study area. The highest sediment load was recorded in the wet season and the lowest in the dry season. Anthropogenic activities have significantly affected the hydrological functions and availability of the suspended sediments, and have thus influenced the variation in sediment output in the study area.
Introduction
Hydrology and water quality are the most important factors for maintaining the stability of a lake ecosystem. Hydrologic variability over time in a watershed is influenced by variations in precipitation on daily, seasonal, annual and decadal time scales (Viessman and Lewis 2003) . Suspended sediment is recognized as a significant water pollutant (Ismail et al. 2015a; Tayeb et al. 2015) . Soil sediments containing decomposing organic substances, inorganic biogenic materials, sand, silt and clay minerals can have an effect. Nutrients and suspended sediment loads in rivers are increased by timber harvesting, changes in land use and river channelization (Nakamura et al. 2004; Ismail et al. 2015b) . Large volumes of nutrient and suspended sediment inputs have caused degradation of aquatic habitats due to declining water quality (Takamura et al. 2003; Aha et al. 2008) . The water level and quality of Chini Lake in the state of Pahang, Malaysia depend on the discharge from the feeder rivers that come from the surrounding areas. The formation of Chini Lake is believed to be the same as that of Lake Bera (Furtado and Mori 1982; Sivakumar 2002 ). Lake Bera is in southwest Pahang, Malaysia, and originated from the eastern mountains of Peninsula Malaysia. Both Chini Lake and Bera are important fresh water lakes in Malaysia. The principal water sources contributing to the main lake body comprise firstly, the natural tributaries of the Chini Lake, which are the Paya Merapuk River to the southwest, the Melai River to the south, the Jemberau and Kura-kura River to the southeast, the Cenahan and Gumum River to the northeast and the Datang River to the north ( Fig. 1) (Bobrovitskaya 2002; Ismail et al. 2015c) . The second source is from the backflow of the Pahang River that occurs during floods (Bozali et al. 2008; Ismail et al. 2013) . Based on the topographical map, most of the lowland within the study area has been converted into agricultural areas comprising rubber and oil palm plantations as well as mixed crops (Ceballas and Schnabel 1998; Takamura et al. 2003) . The study area has a humid tropical climate with two monsoon periods, characterized by the following bimodal pattern i.e., the southwest and northeast monsoons. Logging activities are still being carried out in the study area. Sedimentation problem in Chini Lake is associated with forestry, agriculture and mining activities. This unsustainable land use pattern within and around the Chini Lake catchment has resulted in erosion and sedimentation of the catchment over the years and thereby, depleting the aquatic and terrestrial biodiversity. Rapid settlement expansion is inevitably replacing forests, agriculture or plantations, which could lead to more serious pollution problems in the next millennium. Therefore, the main objective of the study was to evaluate the hydrology and identify the stream flow and discharge patterns of the feeder rivers during the dry and wet seasons, as well as to assess sediment loading into the lake system.
Materials and methods

Study area
Chini Lake is located in the southeastern region of Pahang, Malaysia (Fig. 1 ). It is located approximately 100 km from Kuantan, the capital of Pahang. The lake system lies between 3°22 0 30 00 -3°28 0 00 00 N and 102°52 0 40 00 -102°58 0 10 00 E and comprises 12 canals (that are referred to as ''laut'' by the local people) which are linked to the Pahang and Chini Lake. On the basis of morphometric characteristics, the Chini Lake catchment consists of 13 sub-catchments (DOA 2006) . The names and areas of the sub-catchments are detailed in Table 1 and Fig. 2 . From Table 1 total area of the study catchment is 5820.52 ha (100 %). The river sub-catchment area is 86.02 % of the total catchment. Lake water body is 13.98 % of the total catchment. The Gumum River sub-catchment is the largest 1306.24 ha, constituting 21.49 % of the total study area (Darboux et al. 2002) . The Paya Merapuk River subcatchment is ranked as the second largest (20.90 %) and the Datang River sub-catchment the third largest (7.92 %) (Evans et al. 2002) . Hydrological analysis was carried out to evaluate the water level characteristics of the water body as well as the drainage systems (Fu and Li 2004; Robertson et al. 2012 ). The total annual rainfall from 1984 to 2006 at the Chini Lake catchment ranged from 1487.70 mm (1997) to 3071.40 mm (1994) (Fig. 3) . The average rainfall was 2344.30 mm/year or 195.36 mm/month. The total annual number of rainy days in the study area ranged from 130 to 197 with an average of 175 days/year or 15 days/month. The highest total number of rainy days were recorded in 1993 and 1994 (197 and 190 days, respectively) , while 2005 had the lowest number of rainy days (130 day) (Fig. 4) The study area has a humid tropical climate with two monsoon periods, characterized by the following bimodal pattern, i.e., the southwest and northeast monsoons (October to January) which contributed an annual rainfall of between 1488 and 3071 mm. The mean annual rainfall is 2500 mm and the temperature range is from 21 to 32°C. Potential evapotranspiration (PE) is between 500 and 1000 mm. The open water area has expanded since 1994 as a result of increased water retention after the construction of a barrage downstream of the Chini Lake. The lake drains northwest into the Pahang River via the Chini Lake, which meanders for 4.8 km before reaching the Pahang River.
Sampling and stream flow measurement
Seven sampling stations were selected for the study based at the seven feeder rivers. These seven stations were established on the main feeder rivers of the lake i.e.,: the Datang River (Station 1), the Cenahan River (Station 2), the Gumum River (Station 3), the Kura-kura River (Station 4), the Melai River (Station 5), the Paya Merapuk River (Station 6) and the Jemberau River (Station 7) (Fig. 1) . Catchment characteristics such as the area, velocity and flow discharge were evaluated for each feeder river. The area of the catchment was measured from the Chini Lake topographical map (scale 1:25,000). The river morphology such as width, depth and flow rate was measured at each sampling station. A flow meter (model FP101, Instrumentation, Inc. USA) and a rangefinder (Bushnell Model 20-0001, Walnut, USA) were used to measure the stream flow, width and distance of the river. At each site, water samples were taken from the mid-channel cautiously so as not to disturb the bed sediment. The water samples were collected by Niskin water sampler (Model 1010, General Oceanics, Germany) from the main feeder rivers to obtain representative samples of the whole water column for measurement of total sediments. Samples were taken manually from about 4-10 cm below the water surface. Approximately 1 l of water was collected per observation under normal conditions. Sediment yield was determined based on the calculation of total suspended solids (TSS) and total dissolved solids (TDS). Both methods were done in accordance to the standard laboratory procedures (Conway 2000; Durieux et al. 2003) . Sampling bottles are totally free from metal parts. The total solids include the total suspended solids and total dissolved solids. The total solids were measured gravimetrically after filtration with a well-mixed sample through a weighted glass fiber filter and drying at 103-105°C. The TSS was measured by the filtration method using 0.45 lm Millipore membrane filters and vacuum pump. The TDS was measured using the sampled water after filtration in the method for determination of the TSS. The study was carried out during both wet and dry periods. The total rainfall data during the study period was obtained from the nearby weather station at Chini Dua, while the rainfall data prior to 2006 was obtained from the Meteorological Department at Petaling Jaya, Selangor, Malaysia. Anthropogenic activities also affect the principal component of soil in this area. In recent years, Chini Lake experienced major development in agricultural activities. Large areas of forest were converted into oil palm plantations. Illegal logging activities also contributed to the loss of forest area. Agricultural activities released pollutants such as nitrate and phosphate into the soil. Mining activity is the single most important manmade contribution towards soil degradation. Different types of mineral were exposed to the soil surface due to mining activities which directly affect soil principal components. The activities of a small number of indigenous people living in Chini Lake also played a minor role in soil degradation.
Suspended sediment load measurement
In the present study, suspended sediment load was calculated by the turbidity threshold sampling (TTS) method. The USDA Forest Service Redwood Science Laboratory in Arcata, California, developed this methodology (TTS) to improve the accuracy and efficiency of suspended sediment load estimations (Fried et al. 2000; Lewis and Eads 2001) . The discharge-weighted suspended sediment load (Qs) in kilogram (kg) per area (km 2 ) per day (kg/km 2 /day) for the river cross-section was obtained by multiplying the concentration, C, in kilograms per liter (kg/L) with the discharge, Q, in liters per day (L/day), and then dividing it by the drainage area A (km 2 ). The equation is as follows:
Results and discussion
Stream flow of the feeder rivers
Stream flow from the seven feeder rivers to Chini Lake was relatively slow, ranging from 0.001 to1.31 m 3 /s or an average of 0.21 m 3 /s. Daily discharges ranged from 86.40 to 113,184 m 3 /day, averaging 18,144 m 3 /day. The specific stream flow distribution for the seven feeder rivers is shown in Fig. 7 . The stream flow rate of the Gumum River was the highest (1.31 m 3 /s) and the Cenahan River the lowest (0.01 m 3 /s). The Paya Merapuk River was considered the second fastest (1.26 m/s). The stream flow of these rivers depended mainly on the rainfall pattern. The highest stream flow rate was observed during the wet season, especially in September, November and December 2006, while in the dry season, especially in March, April and July 2006 the lowest stream flow rate was recorded. Stream flow discharge from the seven sub-catchments to Chini Lake was relatively low, compared to other areas in Malaysia (Reed 2002) and ranging from 0.0042 to 0.9083 m 3 /s or an average of 0.1674 m 3 /s. The highest stream flow discharge was recorded from the Gumum River sub-catchment as it was the largest sub-catchment (1306.24 ha) of Chini Lake (Shields et al. 2000) . The lowest stream flow rate was recorded from the Cenahan River sub-catchment (69.24 ha) as it was only a small sub-catchment.
Sediment loading
The sediment concentrations varied from month to month reflecting the influence of the rainfall regime. The highest sediment concentration was observed in December 2006 (Fig. 8a) . The lowest sediment concentration was observed in the dry month of July 2006 where water flow was low. Fig. 8a, b) . The mean sediment load into the Chini Lake 16.29 kg/km 2 /day or 5.95 ton/km 2 /year. The highest sediment load was in December and the lowest in July 2006. The highest sediment load was recorded at the upstream of Chini Lake and the lowest was at the downstream. The highest load was due to the high flow and concentration of sediment yield. The highest load in December 2006 was due to the rainy season and probably related to the high flow and concentration of sediment yield (Haregeweyn et al. 2006) . The results also indicated that total rainfall during December 2006 directly influenced the flow of the feeder rivers into Chini Lake catchment. Mohd Ekhwan (2005) reporting on the Bebar River catchment in Malaysia, found that sediment yield varied with rainfall and other factors such as channel slope, relief and basin size.
The present study showed that Chini Lake incurred high sediment loads from its feeder rivers. The highest suspended sediment discharge was recorded from the Gumum River sub-catchment which ranged from 6.18 to 166.02 kg/km 2 /day or an average of 45.08 kg/km 2 /day. The Jemberau River sub-catchment had the lowest discharge ranging from 1.33 to 57.53 m 3 /day or an average of 15.80 m 3 /day. The Gumum River sub-catchment was located in human settlement and agricultural areas. The highest suspended sediment concentration came from this sub-catchment due to its land use pattern (Haboudane et al. 2002) . The Gumum River carried the largest amount of sediment to the catchment (Sivakumar and Jayawardena 2003) . The Datang River carried the second largest amount of sediment, discharging more than 41.01 kg/km 2 /day of sediment into the lake. Logging activities and shifting cultivation were the main land use pattern in the Datang River sub-catchment area (Kirkby et al. 2008) . The Jemberau River carried a low amount of suspended sediment load (Pandey et al. 2008) . The Jemberau River sub-catchment was located under a forested area plus the drainage area and the stream flow rate was also low (Miller et al. 2004 ). The study indicated that the sediment load varied from month to month reflecting the influence of the rainfall regime (McAnally et al. 2001; Tayeb et al. 2014 ). The study area was also subjected to intense erosion because of the land relief and the monsoon climate. Aha et al. (2008) stated that the high concentration of sediment load was dependent on land use, stream channels, vegetation cover, climatic conditions and degree of channelization. The study revealed that the sediment yields varied depending on discharge, sediment concentrations and size of the study area. The main sources of sediments were likely to be residential areas, logging and agricultural activities. Stream flow discharge from each feeder river to Chini Lake was directly related to rainfall pattern. In the dry season, discharge from the feeder rivers was lower than during the wet season. The potential rate of sedimentation from Chini Lake catchment is considered very serious, especially in oil palm plantations, revived mining areas and shifting cultivation areas which were located in the north and eastern parts of the Chini Lake catchment. The results of this study confirmed that the humid tropical environment risk high siltation to stream flow at sites of intensive disturbance. Results also revealed that the recurring process of sedimentation has an impact to Chini Lake resulting in a shallower bottom.
Conclusion
The study revealed the hydrology and sediment loading dynamics in the Chini Lake system elucidating the main factors degrading the lake ecosystem. The sediment loading rate in the area studied was very severe, especially at the Gumum and Datang River sub-catchment areas. In these areas, sedimentation rate was higher than the Malaysian standard. This was due to high soil erosion potential and the lack of conservation practices on the opened surfaces. The hydrology and sediment loading into Chini Lake was controlled by the hydro meteorological conditions in the study area. The stream flow discharge from each feeder river into Chini Lake was directly related to the precipitation pattern. The discharge from the feeder rivers in the dry season was lower than that in the wet season. A series of rainfall events in the study area favoured erosion which also provided sediment sources in the studied catchment. Erosion and sediment yield from this catchment was higher than that reported for other forested catchment areas in Malaysia, because of some earlier small scale disturbances in the catchment. The contribution of sediments from anthropogenic activities like deforestation and cultivation leads to soil exposure and degradation in the study area. Therefore, sustainable environmental management practices and policies should be implemented to regulate landuse and development as a long term solution.
